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ABSTRACT The possibility that ATP acts as a synaptic
mediator at the central terminals of primary afferent fibers
was examined by applying it iontophoretically to neurons of
the outer layers of the cat spinal cord in vivo, ATP proved to be
selectively excitatory for a limited subset of spinal neurons.
Those units consistently excited by ATP iontophoresis with
very small currents (2-15 nA) responded to gentle mechanical
stimulation of the skin and usually evidenced excitatory input
from unmyelinated primary afferent fibers. Most units excited
by ATP were specifically mechanoreceptive; a few neurons re-
ceiving excitatory input from both low-threshold mechanore-
ceptors and nociceptors also responded to ATP. Selectively no-
cireceptive neurons were unresponsive. Generally, the mecha-
noreceptive neurons excited by ATP were located in the deeper
substantia gelatinosa or in the immediately adjacent nucleus
proprius of the dorsal horn. The results suggest the presence of
a purinergic excitatory receptor on central neurons receiving
excitatory projection from tactile mechanoreceptors with fine-
diameter afferent fibers and are consistent with the possibility
that an ATP-like agent may mediate central synaptic excita-
tion for this set of sense organs.
The list of putative neurotransmitters in the mammalian cen-
tral nervous system has grown substantially in the past dec-
ade. ATP has not received much attention in this regard; al-
though it has long been known to be associated with synaptic
vesicles and hormone granules containing other potent neu-
rohumoral or synaptic mediators (1-3), its function in these
vesicles has not been established. Speculations about its role
have included the provision of energy for the accumulation
or release of a transmitter and as a factor in ionic balance (4).
There is evidence that ATP is, itself, a specific mediator in
the autonomic supply to the mammalian gastrointestinal
tract (5). Another possibility for ATP in synaptic function
has emerged as a result of work by Jessell's group (6) on the
fluoride-resistant acid phosphatase (FRAP) found in the spi-
nal substantia gelatinosa of the rat. They found that FRAP
acts selectively on 5' nucleotide substrates (6) and that in
cultures of mixed spinal dorsal horn neurons from the rat,
locally applied ATP excites a subpopulation of neurons (7).
These observations led them to revive Holton and Holton's
proposal of 1954 (8) that a releasable store of ATP contained
in some dorsal root ganglion neurons acts as a central and
peripheral mediator. In the past, this idea generated little en-
thusiasm. In vivo tests in rat and cat found locally applied
ATP to have little or no selectivity in activating functionally
defined central neurons, and it has been proposed that the
excitatory actions ofATP are the result of a nonspecific cal-
cium chelation (9, 10).
The spinal substantia gelatinosa, the region containing
FRAP, is a termination zone principally for thin primary af-
ferent fibers (11-13). Because of this, the region was long
associated with pain mechanisms (12, 14), a postulate that is
now supported by direct evidence (15). However, it has re-
cently been established that the substantia gelatinosa is a re-
gion of substantial functional diversity in terms of the periph-
eral stimuli that effectively excite its neurons (16-18). This
zone of the dorsal horn is also known to have high concen-
trations of a variety of peptides (substance P, somatostatin,
vasoactive intestinal peptide, cholecystokinin), as well as
FRAP, all of which are known to be, at least partially, of
dorsal root ganglion neuronal origin (19-22). This chemical
heterogeneity is also consistent with a variety in function if
such agents are indicative of the termination in the substan-
tia gelatinosa by different primary afferent units.
We decided to further evaluate the possibility that an
ATP-like compound acts as a synaptic transmitter between
primary afferent fibers and spinal neurons because of the
recent observations on cultured neurons (7). Functionally
characterized neurons of the cat substantia gelatinosa and
adjacent regions were chosen for this test because (i) the
functional organization of this region has been better estab-
lished in this species than in others, and (ii) if the FRAP of
rat was related to a purine excitatory agent from primary
afferent fibers, a cross-species homology seemed a reason-
able hypothesis.
MATERIALS AND METHODS
Adult cats were deeply anesthetized with sodium pentobar-
bital or decerebrated at the intercollicular level under deep
halothane anesthesia. A laminectomy exposed the sacrococ-
cygeal spinal cord and its dorsal roots, which were then pre-
pared for electrophysiological recording and iontophoresis
as described (18). Pipette microelectrodes were filled with
0.4 M ATP, buffered to pH 4.5 with NaOH (9), ATP, and
horseradish peroxidase in Tris-HCl-buffered (pH 7) solu-
tions, or other test and control solutions as described. We
found it impossible to record from a representative sample of
the small neurons of the superficial dorsal horn, particularly
of the substantia gelatinosa, with the relatively large-tipped
multibarrelled electrodes usually used in iontophoresis stud-
ies, presumably because of their physical size (16-18). Multi-
barrelled or even two-barrelled electrodes pulled to fine tips
(<0.1 .&m) proved unsatisfactory for both recording and ion-
tophoresis because of interaction between the electrodes
and their tendency to become obstructed in passage through
tissue. Consequently, for the majority of experiments, single
pipette mnicroelectrodes with tip diameters <0.1 Aum (18, 23)
were used, both for recording and iontophoresis; these elec-
trodes had impedances of 70-150 Mfl when filled with ATP
solution.
The discharges of single units in tissue lying between the
Abbreviation: FRAP, fluoride-resistant acid phosphatase.
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dorsal horn marginal zone and the center of the dorsal horn
nucleus proprius (Rexed's laminae I-IV) were related to
components of the dorsal root afferent volley by systemati-
cally varying the intensity of electrical stimulation of intact
dorsal roots. Only unitary discharges from soma-dendritic
regions of neurons postsynaptic to primary afferent fibers
were tabulated in the analyses; they were identified on the
basis of generally accepted criteria including synaptic poten-
tials (24, 25). Tests of ATP iontophoresis to all units pre-
sumed to be recorded from axons were negative. The soma-
dendritic units tested were usually first observed as extracel-
lularly recorded biphasic deflections of small amplitude that
with time or deliberate movement of the electrode showed
an increase in the size of the positive phase. Most extracellu-
lar recordings from a unit ultimately terminated in a typical
extracellular recording.
A variety of mechanical and thermal stimuli were adminis-
tered to the tail, the perineal region, and the ipsilateral hind
limb to define the receptive fields and the nature of stimuli
effectively exciting or modifying a unit's discharge.
Presumed injury effects were common during iontophore-
sis, especially with currents >20 nA, and were important to
consider in interpretation of any effects produced. Injury of
a neuron during iontophoresis, as during mechanical ma-
nipulation, was manifested in the recording by an increased
amplitude and/or a change in configuration in extracellularly
recorded action potentials and the appearance of ongoing ac-
tivity in a previously silent unit. In such instances, partial
withdrawal of the microelectrode often resulted in a de-
crease in the size of the unitary action potentials and a de-
crease in background activity.
RESULTS
Neurons of Rexed's laminae I (marginal zone) and II (sub-
stantia gelatinosa) can be separated into several functional
groups according to the kinds of peripheral stimuli that effec-
tively excite them; they can be further classified according
to the conduction velocity of the primary afferent fibers that
excite them (16-18). In the present sample, three main cate-
gories were readily definable: selectively nocireceptive units
(excited only by intense mechanical and/or thermal stimula-
tion), mechanoreceptive units (maximally excited by gentle
mechanical movement or by steady contact with the skin),
and multireceptive units (neurons that responded consistent-
ly to gentle mechanical stimuli but whose discharge was
markedly augmented by noxious mechanical or thermal
stimulation). A majority of the mechanoreceptive types were
consistently and vigorously excited only when slowly mov-
ing contact with the skin (-1 mm/s) was the stimulus. A few
units were noted that did not fit into one of these three cate-
gories; some were inconsistently activated by peripheral
stimulation, and others had specifically thermoreceptive
characteristics. Because only a small proportion of the units
encountered in these studies had ongoing activity in the ab-
sence of injury produced by the microelectrode, it was diffi-
cult to test inhibition produced by peripheral stimulation
and, therefore, the nature of inhibitory connections.
After injured neurons were discounted (see Materials and
Methods), iontophoretic application of ATP proved to be se-
lectively excitatory for a functional subset of the superficial
dorsal horn neurons. Excitation appeared with iontophoretic
currents (for the anion) of 2-4 nA and was graded in propor-
tion to the current, up to 15 nA. For those neurons excited,
one to a few 40-msec pulses of negative current were suffi-
cient. Excitation appeared promptly (i.e., within a few milli-
seconds of the initiation of current), although usually it could
not be analyzed quantitatively during the actual application
of current because of artifacts produced by current passage
through the high-impedance microelectrodes. A super
threshold response to ATP iontophoresis consisted of a burst
of impulses whose frequency decreased more or less expo-
nentially with time after the application of current, as is
shown for a mechanoreceptive neuron in Fig. 1. In repeated
trials, the same iontophoretic current produced comparable
excitatory actions, although the response from one neuron
quantitatively varied from that of the other for a given cur-
rent (Figs. 1 and 2). Undoubtedly, such variations were, in
part, functions of the relationship and distance between the
electrode tip and processes of a cell. For example, in the
recordings from which Fig. 2 was constructed, the extracel-
lular action potentials were larger than those shown in Fig. 1,
suggesting that the recordings of Fig. 2 were made at a loca-
tion closer to the cell. Repeated small iontophoretic applica-
tions of ATP confirmed that excitation could occur in the
absence of either a modification in the size of the extracellu-
lar action potentials or the appearance of ongoing activity,
either or both of which are typically seen for neuronal dis-
charges provoked by mechanical injury.
Since in our sample, which was predominantly from the
superficial dorsal horn, few of the units had a background or
ongoing discharge, even in the unanesthetized spinal prepa-
ration, possible inhibitory actions of the iontophoresis could
be evaluated only when an injury discharge appeared. When
it could be tested, ATP iontophoresis proved inhibitory only
when the electrode was intracellular, with current increasing
the transmembrane potential, suggesting that the increased
polarization was the cause of the suppression of activity.
Most neurons excited by gentle mechanical stimulation of
the skin and evidencing input from C-afferent fibers were
activated by low-current iontophoresis of ATP (Figs. 1 and
2; Table 1). (A projection was determined to be of C-afferent
fibers by the appearance of evoked impulses and, usually,
also from intracellularly recorded excitatory postsynaptic
potentials to afferent volleys at a latency consistent with and
dependent on C-fiber input.) In cat hairy skin, a large pro-
portion of receptors with thin afferent fibers that respond to
gentle mechanical stimulation of the skin are also excited by
sudden cooling (26). Therefore, central cells that are excited
by both innocuous mechanical stimuli and sudden cooling
cannot be presumed to have an additional projection from
another kind of sense organ (Fig. 2). ATP iontophoresis acti-
vated a smaller proportion of mechanoreceptors lacking evi-












FIG. 1. Responses of a superficial dorsal horn neuron to cutane-
ous stimulation and iontophoresis of ATP. Reciprocals of intervals
between successive extracellularly recorded action potentials (each
impulse appears as a dot) are plotted against time from an arbitrary
beginning point. The neuron responded maximally to gentle me-
chanical stimulation of the skin, and it responded with several im-
pulses after the myelinated (A fiber) and again after the unmyelinat-
ed (C fiber) components in a dorsal root volley. Stimulus times are
marked by a bar; "brush" was a light stroke with an artist's brush to
the receptive field. lontophoretic current used for ATP is indicated.
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FIG. 2. Responses of a superficial dorsal horn neuron to cutane-
ous stimuli and iontophoresis of ATP. The number of extracellularly
recorded impulses for each second are indicated by vertical lines.
The neuron was maximally excited by innocuous mechanical stimu-
lation of the skin and responded to both A-fiber and C-fiber compo-
nents of a dorsal root volley. Cooling stimulus was ethyl chloride
sprayed on the receptive field. (Note: In cat low-threshold, cutane-
ous mechanoreceptors with thin afferent fibers are often excited for
several seconds by such stimuli.) "Brush" was a light stroke with an
artist's brush to the receptive field; Nox. heat, noxious heat.
units (of 40) that did respond could, conceivably, have had
very weak excitation from C-fiber mechanoreceptors that
could not be detected. The differential nature of the excitato-
ry action of ATP was highlighted by the almost regular ab-
sence of excitation for the selectively nocireceptive neurons,
many with evident C-fiber input; many of these were studied
in the same microelectrode penetration as the low-threshold
mechanoreceptors. The 1 (of 28) selectively nocireceptive
neuron that gave a response to ATP iontophoresis was ques-
tionable, because only a single iontophoretic test was com-
pleted before the microelectrode penetrated the cell. Of the
34 multireceptive cells (neurons exhibiting excitation by spe-
cific nocireceptors and by innocuous mechanoreceptors)
subjected to ATP iontophoresis, 7 responded as has been
described for the mechanoreceptive group with C-fiber in-
put. No apparent difference was manifested between multi-
receptive units exhibiting C-fiber excitation and those with-
out it. Multireceptive and innocuous mechanoreceptive neu-
rons have in common a potent excitation from low-threshold
mechanoreceptors; however, under the conditions of our ex-
periments, it was impossible to determine which part of the
afferent fiber spectrum contributed the mechanoreceptive
characteristics and which contributed the nocireceptive
properties.
Intracellular iontophoresis of ATP never proved excitato-
ry either for neurons responsive or for those unresponsive in
extracellular trials. As expected from the large number of
negative results to ATP iontophoresis, when Na or Tris solu-
tions were used instead of ATP, 2-20 nA of negative current
passed through electrodes of the same dimensions as those
used for ATP had no effect except when there were indica-
tions of neuronal injury. A previous study suggested that the
excitatory action of ATP might be related to chelation of cal-
cium rather than to a direct synaptic membrane effect (9).
For this reason, we compared the effects of the ATP with
those of iontophoretically applied inorganic pyrophosphate
(0.2 M tetrasodium pyrophosphate buffered to pH 9), a che-
lating agent and a product of ATP metabolism. In contrast to
the results with ATP, iontophoresis of pyrophosphate did
not show a selectivity of action: neurons of all three classes
were excited. Moreover, the excitation produced by the py-
rophosphate was notably less than that which usually ap-
peared with ATP and required substantially greater ionto-
phoretic currents.
Because the selective excitation of spinal mechanorecep-
tive neurons receiving C-fiber input so differed from previ-
ous descriptions ofATP effects (10), and because the experi-
menter could influence results by decisions in classification
and other manipulations, we made some observations in a
blind test. In two experiments, in which 25 neurons were
studied, the experimenter recording and classifying neuronal
responses and judging the effects of ATP iontophoresis was
unaware of the contents of the microelectrode (i.e., ATP,
inert salt, pyrophosphate). Neurons of all three functional
classes were found in these experiments, and the selective
excitatory action of ATP on mechanoreceptive neurons with
C fibers was confirmed; these data are in Table 1.
The recording position of the single-barrelled microelec-
trode was usually estimated from measurement of contact
with the spinal cord dorsum. These measurements typically
placed mechanoreceptive neurons selectively excited by
ATP in the deeper part of lamina II (substantia gelatinosa) or
in the immediately adjacent outer part of lamina III. Multire-
ceptive neurons responsive to ATP were scattered through-
out the superficial dorsal horn. In several experiments, sin-
gle-barrelled recording electrodes were filled with a mixture
of 5% horseradish peroxidase and 0.4 M ATP solution (pH 7)
to try to mark the electrode position or cell bodies of neurons
studied. Negative iontophoretic current was used for ATP
and ions and positive current was used for iontophoresis of
horseradish peroxidase. Although horseradish peroxidase
marking was often unsuccessful, in two trials, confirmation
of the general locations described was obtained. In one in-
stance, three different types of neurons were encountered in
a single penetration. A selectively nocireceptive neuron with
a recording site calculated by micrometer measurement to be
at the dorsal boundary of the spinal gray matter (laminae I-II
interface), was not excited by ATP iontophoresis. Deeper in
Table 1. Neurons tested by ATP iontophoresis
Innocuous mechanoreceptive Multireceptive Nocireceptive
(n = 58) (n = 34) (n = 28)
A only A and C C only A only A and C A only A and C C only
Repeated trials 4/36 8/11 3/4 1/17 3/12 0/11 0/12 0/2
One trial only 1/4 2/2 1/1 2/2 1/3 1/2 0/1
Total 5/40 10/13 4/5 3/19 4/15 1/13 0/12 0/3
(13%) (77%) (80%) (16%) (27%) (8%) (0%) (0%)
Effectiveness ofATP iontophoresis in activating neurons classified according to the nature of their peripheral excitation.
A only, neurons only responsive to the A fibers in afferent volleys; A and C, neurons responsive to both A and C fibers
of afferent volleys; C only, neurons evidencing responses only to C-fiber component of afferent volleys. Repeated trials
used graded currents from 2 to 40 nA. The results in which only one series or a single positive trial could be done should
be considered questionable and are presented to minimize selection of data. Observations on 23 units were not included
because the neurons either showed signs of injury at a crucial state in the tests or evidenced characteristics of a recording
from an axon. See text for additional details. Responses counted as positive appeared at 2-5 nA, with maximal excitation
occurring at <15 nA. Negative trials were those in which no activation appeared with iontophoretic currents of 20-40 nA.
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the penetration, a low-threshold mechanoreceptive neuron
receiving C-fiber input, identified by horseradish peroxidase
deposit to be in the inner part of lamina II, was excited by
ATP. Still further in the same penetration, ATP was ineffec-
tual in exciting a low-threshold mechanoreceptive neuron
that did not show C-fiber excitation at a recording site
marked by horseradish peroxidase to be in the lateral part of
the nucleus proprius (laminae III-IV).
DISCUSSION
The selective effects of ATP iontophoresis in vivo in the cat
are consistent with Jahr and Jessell's (7) observations that
only a subset of cultured rat dorsal horn neurons responds to
ATP. Our findings in vivo differ from those described by oth-
ers (9, 10). Salt and Hill (10) reported that in rat, ATP excited
a variety of neurons of the trigeminal nuclei, including selec-
tively nocireceptive ones, and in one case inhibited neuronal
activity. In their studies, they used much larger currents (20-
200 nA) and multibarrelled electrodes that were physically
larger and had substantially lower impedances than those we
used. It is possible that when low impedance electrodes are
used, many recordings are made at considerable distances
from the soma-dendritic region of neurons; indirect effects
(i.e., from neurons other than the one from which the record-
ing is made) could result more readily in that situation than in
ours. Another possibility is that the larger iontophoretic cur-
rents used in previous tests may have occasionally caused
neuronal injury, just as we noted, that could have been inter-
preted as a response to ATP.
The most common location for the dorsal horn neurons
responding to ATP iontophoresis was in the inner substantia
gelatinosa or its junction with lamina III of the nucleus pro-
prius. This part of the dorsal horn contains a substantial
number of low-threshold mechanoreceptive neurons excited
by fine-diameter primary afferent fibers (17, 18). In feline
skin, a large proportion of sensory elements with fine-diame-
ter myelinated and C-afferent fibers are low-threshold mech-
anoreceptors; similar sense organs are present in other spe-
cies (27-30). In rat, the inner substantia gelatinosa is also the
locus of concentrations of the acid phosphatase contained in
the central terminals of small dorsal root ganglion neurons
(6), FRAP, that selectively acts on 5' nucleotides. This was a
factor leading to the hypothesis that a purine phosphate is a
synaptic mediator. For reasons that are not understood, with
available histochemical techniques FRAP is demonstrable
only in the substantia gelatinosa of murines (6, 31); yet, the
primary afferent complement from the skin of mammals is
remarkably similar across species (26, 32). Therefore, it
seems reasonable to postulate that the FRAP of rat is a bio-
chemical marker detectable only in certain species for a spe-
cific chemical mediator present in many animals.
The response to iontophoresis of ATP by a large propor-
tion of selectively mechanoreceptive neurons with potent
excitation from C-afferent fibers suggests that these neurons
have a special membrane receptiveness for ATP. The ab-
sence of a similar selectivity of effect on spinal neurons by
products of ATP metabolism, such as pyrophosphate in the
present experiments and by adenosine and AMP in vitro (7),
strengthens this case. Such a membrane receptiveness
would be consistent with the presence of a purine agent, per-
haps ATP itself, in fibers contacting these neurons.
Thus, our observations appear consistent with the possi-
bility that an ATP-like compound acts as a synaptic excitato-
ry agent at the central terminals of cutaneous mechanorecep-
tors with very fine afferent fibers. Of course, central neu-
rons could also use such a synaptic mediator. However, if
there is merit in the correlation between the FRAP of rat and
a purine synaptic chemical agent, then the dependence of
FRAP in the substantia gelatinosa on primary afferent fibers
(6, 31) suggests that in this locus, most of this kind of agent
may be in dorsal root fibers. The results also further empha-
size the functional diversity of neurons in the superficial dor-
sal horn and the probable importance of the substantia gela-
tinosa for mechanisms other than pain and nociception (15).
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